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The influence of 30 keV He+ ion irradiation on structural, electronic, and magnetic properties of
Co2MnSi thin films with a partial B2 order was investigated. It was found that room temperature
irradiation with light ions can improve the local chemical order. This provokes changes of the
electronic structure and element-specific magnetization toward the bulk properties of a well-ordered
Co2MnSi Heusler compound. © 2009 American Institute of Physics. DOI: 10.1063/1.3119188
Half-metallic ferromagnetism, theoretically expected for
the L21 ordered Co2MnSi Heusler compound,1 in combina-
tion with a large band gap from 0.4 eV Ref. 2 to 0.8 eV
Ref. 3 for the minority spin states and a high Curie tem-
perature of 985 K Ref. 4 makes this Heusler compound a
promising candidate for the modern field of spintronic de-
vices. In recent years, great progress has been made in the
fabrication of magnetic tunnel junctions MTJs with a single
integrated Co2MnSi electrode,5–9 and an exceptionally high
tunneling magnetoresistance TMR effect of 570% at 2 K
has been reported for a MTJ structure with both electrodes
consisting of Co2MnSi.7 At room temperature RT, how-
ever, the TMR effect is largely reduced. Moreover, spin po-
larization SP, experimentally observed in single crystalline
Co2MnSi films at RT, remains with 12%10 far below the
theoretically predicted 100%. The reduction of TMR and SP
values at RT is thought to arise from additional electronic
states appearing in the minority gap at RT. Among others,
partial chemical disorder was proposed as the origin of these
states.11,12
In order to reduce the disorder and to obtain Co2MnSi
films with desired electronic and magnetic properties, post-
growth annealing at temperatures typically in the range of
400–500 °C is conventionally used. However, high tem-
perature annealing often leads to interdiffusion and local
changes of the stoichiometry in Heusler compounds,13 which
can be a particular major problem in layered structures. A
possible solution to these problems might be the use of He+
ion irradiation instead of the annealing step following the
experimental work reported for the binary FePt alloy where
an improvement of long-range order was induced by the ir-
radiation with He+ ions.14,15 The present work explores the
applicability of the light-ion irradiation technique for the im-
provement of structural as well as electronic and magnetic
properties of Co2MnSi thin films.
The investigated samples consist of an epitaxial
Al1.3 nm/Co2MnSi30 nm/Cr40 nm/MgO001 structure
deposited by means of inductively coupled plasma assisted
magnetron sputtering and annealed at 350 °C. The irradia-
tion experiments presented here have been carried out at am-
bient temperature using 30 keV He+ ions with fluences var-
ied between 1014 and 1016 ions /cm2. It should be noted that
following Ref. 14, we also performed irradiation experiments
at elevated temperatures of 150 and 250 °C. However, no
improvement of Co2MnSi properties was observed. For the
characterization of the films, x-ray diffraction XRD, x-ray
absorption and circular magnetic dichroism XAS/XMCD,
and photoemission spectroscopy at high energies HAXPES
were employed.
Results of XRD structural characterization of the as de-
posited Co2MnSi film are shown in the insets of Fig. 1. The
220 equivalent reflections are observed with fourfold sym-
metry in the pole figure scan providing evidence of the epi-
taxial growth of the Co2MnSi layer. The -2 diffraction
pattern of the as deposited film exhibits clear 200 and 400
reflections. Since no 111 reflections, indicative for the L21
phase, were detected, it is concluded that the fabricated film
was of B2 order with a certain admixture of A2-type disor-
der. A detailed analysis of -2 scans recorded from irradi-
ated samples reveals an increase of the ratio of 200 and
400 integrated intensities for the fluences of 11014 and
51014 ions /cm2 see Fig. 1. Comparing with simulated
peak intensities, this result clearly suggests a qualitative im-
provement of the B2 order in the irradiated Co2MnSi films. A
transition to the L21 ordered phase, however, was not ob-
served.aElectronic mail: gaier@physik.uni-kl.de.
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Figure 2 shows XAS data recorded at the Co L2,3 edge in
a transmission experiment16 comparing irradiated and nonir-
radiated samples. A satellite peak appears at 3.8 eV above the
L3 absorption edge denoted by a vertical line in Fig. 2a.
This feature has been reported for thin Co2MnSi films by
different groups.5,17,18 In particular, it has been demonstrated
that the intensity of the satellite directly correlates with the
degree of ordering inside the Co2MnSi layer.17 The intensity
of the Co L3 satellite is plotted in Fig. 2b as a function of
ion fluence. One can clearly see that at fluences of 11014
and 51014 ions /cm2 the intensity of the satellite peak in-
creases with respect to the case of the nonirradiated sample
see also inset in Fig. 2a. This suggests, in agreement with
the results of XRD characterization, that in this particular
range of applied fluences the local order in the bulk of
Co2MnSi films is increased after the irradiation. For higher
fluences, however, the intensity of the satellite decreases in-
dicating an increasing level of disorder introduced by the ion
bombardment beyond 51014 ions /cm2.
Using a sum rule analysis, we determined the element-
specific magnetic moments per 3d hole of the Co2MnSi films
exposed to different ion fluences Fig. 3. As a result of ion
irradiation we observe an increase of the spin magnetic mo-
ments on both Co and Mn atoms up to a fluence of 1
1015 ions /cm2 and a subsequent decrease for higher flu-
ences Fig. 3b. This is a strong hint for the reduction of
disorder inside the Co2MnSi layer after the irradiation with
He+ ions. The ratio of orbital and spin magnetic moments
Fig. 3c shows for Co a pronounced peak at a fluence of
11015 ions /cm2 indicating a reduction of symmetry. At
the Mn site the effect is less pronounced. The saturation
magnetization of the investigated Co2MnSi films Fig. 3a
exhibits a trend similar to that observed for the spin magnetic
moments. Its values were calculated assuming the number of
3d holes for Co and Mn to be 2.4 and 4.5 per atom,5 respec-
tively, and taking into account an additional correction factor
of 1.5 for the number of Mn 3d holes,19 which is necessary
due to the mixing of two Mn j levels.
HAXPES valence band spectra are shown in Fig. 4,
comparing the nonirradiated film and the bulk reference
sample with the sample irradiated with the optimum fluence
of 51014 ions /cm2. The inelastic mean free path of the
8 keV electrons is expected to be about 13 nm in AlOx and
8 nm in Co2MnSi.20 This allows for an investigation of the
bulk electronic properties of Co2MnSi films below the cap-
ping layer.21 The valence band spectrum of the nonirradiated
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FIG. 1. Color online Ratio of the 200 and 400 integrated XRD inten-
sities in dependence of the applied ion fluence. An increase at 11014 and
51014 ions /cm2 is clearly visible. The insets show a the -2 scan of
the as prepared MgO /Cr40 nm /Co2MnSi30 nm /Al1.3 nm film and
b the corresponding pole figure of the fundamental 220 reflections.
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FIG. 2. Color online a Transmission XAS spectra at the Co L2,3 absorp-
tion edge from Co2MnSi films irradiated with 30 keV He+ ions at the indi-
cated fluences. The inset shows the energy range of the Co satellite peak
after linear background subtraction together with a fit of the peak area. b
Dependence of the intensity of the satellite peak on the He+ ion irradiation.
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FIG. 3. Color online a Saturation magnetization of Co2MnSi films irra-
diated with 30 keV He+ ions at different fluences obtained from XMCD
measurements. b Element-specific spin magnetic moments per 3d hole,
and c ratios of orbital and spin magnetic moments.
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film has a wide maximum in the energy range from about 7
to 0 eV without distinct features. The pronounced peak of the
d states at about 1.3 eV below the Fermi level, which is well
resolved in the valence spectrum of the bulk sample, is
largely smeared out, pointing to the presence of disorder in
the sample. After irradiation, the valence band spectrum of
the thin film resembles much more closely that of the bulk
material providing clear evidence of the improved electronic
and crystallographic structure in the Co2MnSi film after the
irradiation.
In summary, RT irradiation with He+ ions results at par-
ticular fluences in the improvement of the B2 order in
Co2MnSi thin films and in changes of their magnetic and
electronic properties toward those of a well-ordered bulk ma-
terial. The improvement of B2 order is likely an effect of
successive pairwise Co–Mn and Co–Si exchanges due to
mobile vacancies introduced by the irradiation.15 The order-
ing probably proceeds from the preexisting B2 ordered re-
gions and is driven by the energy gain, which results from
the reduction of relatively high-energetic Co–Mn and Co–Si
swaps11 present in the A2 disordered regions. The ion-
induced improvement of B2 phase found in the present study
suggests that a B2 /L21 phase transition driven by He+ irra-
diation might be feasible in thin Heusler films, although this
was not observed for the Co2MnSi films studied here.
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FIG. 4. Color online HAXPES h=7.94 keV spectra of Co2MnSi films
irradiated with 30 keV He+ ions in comparison to a nonirradiated sample
and a cleaved Co2MnSi bulk sample. The enhanced intensity of Co and Mn
d states at about 1.3 eV, characteristic for bulk Co2MnSi, is marked by an
arrow.
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